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ABSTRACT 
The aim of this work was to determine the effect of MgO, as 
solute, on grain boundary mobility in dense AlpO,, and to assess 
the implications of the findings to sintering. The approach taken 
was to study the microstructural evolution during the annealing of 
samples prepared by vacuum hot pressing and to investigate grain 
boundary chemistry using Auger electron spectroscopy (AES). 
Fully dense single phase aluminas were found to dedensify 
during annealing at 1600°C in air, but not during annealing in a 
-12 
reducing atmosphere (PCL = 10  atm). The reaction followed the 
relationship p - p =-K log t, where p and p are the densities at 
time t and t = 0, respectively. The rate of desintering was 
enhanced by MgO solute. The loss of .density resulted from the 
nucleation of grain boundary cavities, cavity formation was 
attributed to the reaction of carbon impurities (^ 100 ppm) 
segregated to grain boundaries, with oxygen which had diffused down 
grain boundaries from the ambient, to form CO gas at high 
pressures. 
The kinetics of grain growth in undoped and 200 ppm MgO doped 
AlpOg were measured at 1600°C utilizing a reducing atmosphere to 
maintain full density. MgO was found to decrease the overall rate 
of boundary migration in dense Al^Oo by a factor of five and 
develop more uniform grain structures. The kinetics of grain 
growth were found to obey a cubic growth law, indicative of a 
solute drag mechanism. AES was unable to detect Mg segregation in 
quenched samples, but segregation could be induced by slow cooling 
from the fabrication temperature. Heavy Ca segregation was recon- 
firmed. A grain growth mechanism involving solute partitioning of 
these ions between different boundary types was proposed. 
Approximate calculations predict solute drag to control grain 
growth during the sintering of MgO doped Al^O., at densities greater 
than 97% theoretical. MgO acts in A1?CL to raise the pore mobili- 
ty/boundary mobility ratio by a factor of 80, which is sufficient 
to explain the functions of MgO as a solid solution sintering 
additive. 
INTRODUCTION 
In recent years much effort has focused upon the development 
and the understanding of solid solution additives used to aid in 
the fabrication of technical ceramics. ' It has been established 
that a beneficial additive functions to produce a body of near 
theoretical density and of uniform grain structure. This is 
favored primarily by the preservation of pore-grain boundary 
contact and the suppression of abnormal grain growth during 
(2) 
sintering.  ' Through control of the microstructure in this way, 
porosity and grain size sensitive properties (such as optical 
transmittance, ' and creep resistance^ ') can be optimized for a 
specific application. 
The most successful exploitation of an additive is in the 
(5) 
system Alp03 with trace additions of Mg0.v ' This system has 
received considerable attention, the ambition being to understand 
the function of MgO and extend this knowledge to additive selection 
in other systems. The function of MgO is, however, still uncer- 
tain; this uncertainty stems from the complex interactions between 
densification and coarsening (grain growth) occurring during 
sintering and the many possible mechanisms through which the 
additive may operate. It has been recognized that the successful 
additive enhances densification with respect to coarsening. ' 
Table 1 lists the possible mechanisms. In order to interpret data 
clearly, therefore, it is desirable to know the separate effects of 
MgO on each of the mechanisms involved. 
TABLE 1 
Proposed Solid Solution Additive Functions 
Objective Possible Mechanisms 
To accelerate the 
densification rate 
1) Raise the diffusion coefficient for 
the species controlling densification 
by altering the concentration of point 
defects,(67 for lattice diffusion, D[_, 
or by altering grain boundary behavior 
for boundary diffusion, DB. 
2) Maintain a small grain size 
3) 
(dp/dt a -L. n = 2-3) 
Gn 
Raise the surface energy/boundary energy 
ratio and affect the driving force for 
densification.(?) 
To suppress 
coarsening 
1) Reduce the grain boundary mobility, M^ . 
for example by a solute drag mechanism,^) 
2) Reduce the pore mobility, Mp, where pore 
drag controls grain growth by reducing 
either the surface diffusion coefficient, 
Ds, the vapor phase diffusion coefficient, 
Dv, or the lattice diffusion coefficient, 
DL. 
Densification in the absence of grain growth has been studied 
(9) 
in a separate investigation using the technique of hot pressing. ' 
These data, together with those obtained from diffusional creep 
studies,  ' have enabled the mechanisms controlling densification 
under different microstructural conditions and the effects of MgO 
on the pertinent diffusion coefficients to be established. 
Grain growth, by comparison,is poorly understood, the princi- 
pal uncertainty being whether the additive affects the boundary 
mobility, M, , directly, or through its effect on pore mobility, Mp. 
All data in the literature pertaining to grain growth has been 
obtained from studies where samples contained porosity and/or 
second phases. Since there is disagreement as to the effect of MgO 
on the surface diffusion coefficient, D~,      '  (hence Mp) it is 
impossible to deduce the mechanism controlling grain growth from 
such studies. An additional problem concerns the difficulty in 
finding suitable techniques for detecting the small amounts of 
(12) dopant, for example as grain boundary segregant.  ' 
The primary aim of this work is to determine the effect of MgO 
as solute on grain boundary mobility, M. , and from these data 
assess the extent to which MgO aids in the sintering of Al^Og 
through the modification of grain boundary properties. Also by 
establishing the mechanisms involved, the study will further our 
understanding of fundamental aspects of grain growth in ceramics. 
The approach taken will be to study grain growth in fully 
dense samples prepared by hot pressing. The problem of desintering 
(13) 
on subsequent annealing has been recognized,  ' and a secondary 
aim of this study will be to establish the mechanisms responsible 
and the conditions where this phenomena can be suppressed. 
Additional characterization of grain boundary chemistry using 
Auger electron spectroscopy (AES) will be performed in the light of 
(12) 
conflicting reports in the literature.  ' Data obtained will be 
used to supplement interpretations of the above experiments. 
BACKGROUND 
1. Mechanisms of Desintering 
There are many reports in the literature on the phenomena of 
cavity formation and the increase in size of pre-existing porosity 
(13 14) to give a reduction in density.  ' ' The nucleation and/or 
growth of cavities can be broadly classified into two groups: 
(i) where the driving force is provided by an externally applied 
stress/ ' and (ii) where the driving force is chemical in nature. 
The latter case is pertinent to this study and is described in this 
section. 
a. Trapped Gases 
The recurring observation that hot pressed materials tend 
to desinter during subsequent annealing has led several investiga- 
tors to postulate that trapped gases are responsible.  '   The 
enhanced densification due to applied pressure may result in pore 
shrinkage without removal by diffusion of any gases trapped in 
(18) pores or adsorbed onto the powder surface.  ' Hence the resulting 
pore size will be due to the equilibrium between the internal pore 
pressure and the sintering pressure provided by the pore curvature 
(2y/r) plus the applied pressure. Any micro-pores present in the 
material will then swell on annealing without pressure, until the 
internal gas pressure is balanced by the sintering pressure due to 
curvature alone. This effect can be minimized by using the lowest 
applied pressure possible to achieve high density and by hot 
pressing in vacuum. 
b. Gas Forming Reactions 
If, under certain conditions, a chemical reaction occurs 
in the interior of the body where one product is a gas phase, then 
a void will form providing: (i) the kinetics of gas removal (e.g. 
by diffusion down grain boundaries)are less than the reaction 
kinetics, and (ii) the gas pressure is sufficient to nucleate a 
pore. 
An explanation of the sintering behavior of UCL is based upon 
(19) 
a mechanism of this kind,x ' where it was observed that increased 
density of green compacts produced less dense compacts after 
firing. Trace amounts of carbon were found in the powder and the 
following reaction postulated: 
U09   + 3C/ex = UC/cv + 2C0/nx 2(s)   (s)    (s)    (g) 
The arguement was that a higher green density would have caused the 
compact to reach the closed pore stage quicker than one of lower 
green density so preventing escape of the insoluble C02 resulting 
in a larger pore size. A further observation showed that the 
dihedral angles of the internal pores were approximately 92° 
compared to the values for surface porosity of 140° (Figure 1). 
The following relationship between the dihedral angle, <h and 
internal pore pressure P, was derived: 
cos f = 2  ( y ) U) 
Dihsclrol   angla 
in   closed pores 
Dihvdral anyl*   on  surfac* 
after Ihcrmal   niching 
150 T/0 
Dihodral annl* 0 valu«-« 
Figure 1.    A histogram showing the measured values of 
dihedral angles at the interior and the surface 
of a sintered UO2 sample.    (After Francois 
and Kingeryt'9)). 
where YB is boundary energy, Y the surface energy and L the pore 
length. A plot of equation 1 is shown in Figure 2.  The depen- 
dence of dihedral angle on pore length and gas pressure was given 
as support for the proposed model. However, the effect of internal 
gas pressure on the dihedral angle has not been clearly resolved, 
(cc\ 
and remains strongly debated. '    The surface porosity was assumed 
to have attained equilibrium values due to thermal etching. 
A further mechanism involving the oxidation of trace amounts 
of carbon impurity to form CO gas was proposed to explain the high 
temperature embrittlement, through cavity formation of nickel based 
(20 21) 
super alloys.  ' ' The difference in this case, however, is the 
source of oxygen was identified as the ambient gas, with oxygen 
diffusing down grain boundaries to react with segregated carbon. 
The extent of cavitation was shown to be sensitive to the partial 
pressure of oxygen in the ambient and was eliminated when anneals 
were carried out in atmospheres of low PQ . Factors affecting the 
feasibility of this reaction include the thermodynamic favorability 
(22) 
of the reaction,  ' the availability of carbon trace impurities, 
the diffusion coefficient of oxygen in the boundary and its associ- 
ated solubility, any interface controlled reactions and sufficient 
resulting gas pressure to nucleate the pore, 
c. Pore Coalescence 
Pore coalescence due to grain growth can result in a 
(23) decrease in density/ ' It can be shown that for the coalition of 
two equisized spherical pores, a volume increase of up to 70% of 
10 
r. O 
15 
L. 
-|J 
O 
■o 
ft 
160 
140 ,- ^v.,. 
1 ^>v 
•*<■=, L=10"4 cm 
"""Cv^ 
10 20 30 
P (asm.) 
Figure 2. Change in dihedral angle with gas pressure 
for various pore lengths according to . 
eqn. 1. (After Francois and Kingery^|y'). 
11 
the combined volume can occur. In this study the concern is for 
the mechanism of cavity formation. However, if substantial grain 
growth occurs after nucleation then an added component to the 
overall densintering would result from this mechanism, 
d. Kinetics 
Desintering due to any of the above mechanisms may be a 
complex function of time depending on the rate limiting step in the 
reaction. For a reaction driven by a constant internal gas pres- 
sure where cavity formation is controlled by a diffusional creep 
(24) process the following relationship has been derived:v ' 
3 
.   -4 IT N, a r 9 d£= v   (       _2x} () 
dt      kT      v INT   a  r ' 
Here, P is the bulk density, N the number of pores per unit 
volume, r is the pore size, Pr^y is the internal pore pressure, P 
is any externally applied pressure and 2Y/r is the sintering 
pressure. D is the appropriate diffusion coefficient for the rate 
controlling species in the fastest pathway. For the conditions of 
this study, equation 2 reduces to.  ' 
Pt - P0 =-Kc log t (3) 
where P is the initial density taken at t = 0. 
o 
The important factors contained in K are the diffusion 
coefficient, D, and the number of pores per unit volume, N . The 
diffusion coefficient will be a function of the temperature and 
12 
solute additions whereas N will depend on the available nucleation 
sites (hence grain boundary area). Equation 3 therefore assumes 
minimal grain growth during the desintering process. 
2. Mechanisms of Grain Growth 
(25) Grain structures are considered: a) normal/ ' where the 
distribution of grain sizes is relatively narrow, the ratio of the 
diameter of the largest grain to the median diameter generally 
falling in the range 2.5^-3/ ' and b) abnormal/ ' where the 
pronounced growth of a small number of grains result in a bimodal 
size distribution. In this section, the origin of this behavior 
are reviewed for the case of a single phase system. The 
expressions for grain boundary mobility and grain size as a 
function of time are derived for pure and doped systems. The 
interactions of boundaries with pores are outlined in Appendix I to 
supplement the discussion on additive functions, 
a. Normal Grain Growth 
(i) Driving Force: In describing an ideal 
polycrystalline solid with zero porosity, a necessary restriction 
on the grain geometries is that they permit the available space to 
be filled. To characterize a grain in such an assembly a size 
parameter and a parameter describing the shape of each polyhedron 
are required. The most commonly used size parameter is the equiva- 
lent spherical diameter defined as: 
6V 1/3 
D(v) - <T> (4) 
13 
where V is the volume of the grain. To describe the shape of a 
grain the topological parameters used are the number of faces, F, 
number of edges, E, and the number of corners, C. These are simply 
related by the Euler relation: 
C + F = E + 2 (5) 
The existance of an interfacial tension at a grain boundary, 
due to the energy X, of the interface has important consequences. 
For the system to attain its minimum free energy and equilibrium 
between the surface tension forces, e^ery  grain edge must be shared 
by three grains meeting at 120° and every grain corner must be 
(27) 
shared by four grains meeting at 109° 28'/ ' This constraint 
means e^ery  grain can be topologically characterized soley by F, 
the number of faces. 
Consider these restrictions of space filling and interfacial 
tension for a simple tetrahedral grain (F=4). The angle between 
two adjacent faces of a regular tetrahedron with flat faces is 109° 
28', which is significantly less than 120°. In order to rectify 
this discrepancy, the grain boundaries bow out, as shown in Figure 
3. It is the presence of these curved surfaces which provides the 
local driving force for grain boundary motion and hence grain 
growth. 
It is well known that such a curved surface leads to a pres- 
sure difference across the grain boundary given by: 
14 
O     I 
,109 28 
Figure 3. Shows the transformation of a space filling 
tetrahedron to obey the constraints of 
surface tension. 
15 
where YB is the boundary energy, and R is the average boundary 
curvature at a given point. 
ent 
This pressure can be expressed as a chemical potential gradi- 
(2) 
■&- d (irJ {7) 
dx  w  R {0) 
where a is the atomic volume (n ) and w the boundary width. Hence 
atoms will migrate down the gradient. The boundary will move 
towards its center of curvature, e, since atoms under a convex 
surface will be at a higher potential than those under a concave 
surface. 
The sign of curvature will thus determine whether the grain 
shrinks or grows. This will thus depend on the shape and size of 
the grain. On a two dimensional section the division between 
(27) growth and shrinkage occurs at grains with six sides.  ' 
The various growth processes are distinguished by the mecha- 
nisms of grain boundary motion. Factors arising from the mechanism 
of migration can be isolated in a mobility term, M, of a boundary. 
This is related to the velocity, v, of the boundary by: 
v = MF (9) 
16 
where F is the driving force for atom migration. From the chemical 
potential gradient developed by boundary curvature: 
F _ dp _ a YB 1 nn, F
 " BY ~W   R (10) 
The approach is to relate v to the grain size, G, so on inte- 
gration, G as a function of time is obtained. 
The principal difficulty in establishing a rigorous relation- 
ship between v and G lies in quantitatively defining, 7, the 
average driving force. 7 is dependent on R, which is a complex 
function of grain size, grain shape and the distributions of these 
parameters. Rigorous treatments have been developed using detailed 
(27) statistical theories.  ; For the purpose of this study a sim- 
plified approach is taken based on average quantities. 
It has been shown that during normal grain growth the dis- 
(25) tribution of grains is constant,  ' so that the change in appear- 
ance of a structure is analogous to the progressive enlargement of 
a single pattern. Hence: 
1 _ 1 
R
  A G" 
(11) 
where A is a constant which is a complex function of the grain size 
distribution and grain morphology. Hence the driving force in 
equation 10 becomes 
a3 
7 = —IS- -L (12) 
w
   A G 
17 
ii. Kinetics for a Pure System: if it is assumed that the 
instantaneous rate of grain growth is directly proportional to the 
instantaneous average rate, v, of boundary migration then: 
{£« » (13) 
For a pure single phase system the flux of atoms, J, moving in a 
(29) potential gradient is given by: 
JL u dy ^i'S (14) 
a 
The mobility, M, is related to the diffusion coefficient of the 
rate limiting (slower) species, D, across the boundary by: 
n    i       AG 
H
 " FT ■ kT <«P> " TT <15> 
where £G is the free energy of activation for the migration 
3 
process. The term a in equation 14 represents the volume of 
material transferred along with each ion of the slower moving 
species. Substituting for M and the average driving force F: 
1  D £_x   _!_ (16) 
a3 kT  w  AG 
The boundary velocity v becomes: 
3 
U   E 
V = £ 2__L -1- (17) kT w  Ae 
18 
Integrating with respect to time gives: 
where G is the average starting grain size, it is worth noting 
th at w will vary with boundary type and YR has been shown to vary 
(29) 
with boundary orientation.  ' These factors are important consid- 
erations in the treatment of abnormal grain growth. 
iii. Kinetics for an Impure System: Observations of the 
parabolic growth law (equation 18) are rare, being limited to high 
purity metals.  ' This is principally due to the effect of 
impurities on migration behavior. 
The primary mechanism resulting in a modification of boundary 
mobility is that of an impurity drag effect which impedes boundary 
motion/ ' ' ' If an interaction potential exists between solute 
ions and the boundary (e.g. through strain energy or electrostatic 
(33) 
effectsv ') then these ions will segregate to or away from the 
boundary region. For a stationary boundary the distribution 
profile of segregated species is symmetrical around the grain 
boundary and there is no interaction force betv/een it and the 
species on both sides. As the boundary migrates the concentration 
profile becomes asymmetric and this results in a net drag force on 
the moving boundary. 
Analysis of the drag effect has led to the recognition that 
there exists a range of solutions to the derived force-velocity 
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relationship depending primarily on the ability of the solute to 
redistribute around the boundary driving motion. Experimental 
observations indicate normal grain growth will occur where the 
impurity drift velocity across the near grain boundary region is 
high relative to the boundary velocity.v '    This is defined as the 
low velocity limit where there is a linear relationship between 
velocity and the drag force. The expression for boundary velocity 
(2) in this regime is given by. ' 
MI 
v=F  1 ? (19) 
1 + Mj a C0 a^ 
where Mr is the intrinsic boundary mobility, C the bulk impurity 
concentration and a is a function of the energy profile for solute 
atoms at the boundary. This can be approximated by: 
a=4Z^TwQ (20) 
UB 
where Z is the volume concentration of the atoms and Q is the 
partition coefficient for the impurity between the boundary and the 
bulk. Q is a complex function of the segregation characteristics 
of the system in question and will vary from boundary to boundary. 
Assuming that Ds the impurity diffusion coefficient across the 
boundary is approximatly the diffusion coefficient of the rate 
limiting host ion then M, = D/kT hence: 
MT 
v = F l- 7 (21) 
1 + 4Z w Q C a 
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However, C , the bulk impurity concentration is a function of the 
(34) 
grain size G and is given by:v ' 
0
    1 +f(W/G) (Q-l) K) 
where Cj is the total impurity concentration. Under conditions 
where: 
Q » 1 
and 
f I (Q-D » 1 
then   CQ a G (23) 
Since the driving force for grain growth-is inversely proportional 
to G, we have: 
§   « £ (24) 
On integration, 
3 3 
G    -  GQ    = kT (25) 
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It must be noted that impurities can also affect boundary velocity 
through the effect of introduced point defects on the diffusion 
coefficient in the mobility term, 
b. Abnormal Grain Growth 
i. Kinetics: Once abnormal grain growth has initiated 
it can be seen that linear kinetics will be established from a 
(2) 
consideration of the driving force/ ' As described earlier, 
during normal grain growth the boundary curvature required to 
satisfy minimum interfacial tension (three boundary intersections 
at 120°) is small. However, for an abnormally growing grain of 
size such that its unrelaxed surface is planar in comparison with 
the faces of the surrounding grains, the attainment of 120° inter- 
sections requires local curvatures of radii close to the matrix 
grain size, hence: 
1   _   1 
Abnormal      Gmatrix 
So the enhanced boundary velocity will  be: 
(26) 
v u i  = M .    „      — (27) abnormal   abnormally     -F 
grain boundary   matrix 
Under conditions of enhanced velocity, G +• is taken as. time 
invarient, so, 
abnormal _ M   1 ton) 
at « K   ' 
matrix 
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where G    .   .    ¥■ f(t) and on integration: matrix 
G - G    =  K"  t (29) o 
Observations of rapidly growing abnormal grains have shown this 
(35) 
assumption to be valid and linear kinetics have been confirmed.  ' 
ii. Initiation: In this section several features are re- 
viewed which are considered to be symptomatic of or conducive to 
abnormal grain growth. 
Hillertv ' analyzed the conditions for obtaining stable 
normal grain growth for the case of a fully dense single phase 
material. The proposed criterion for stability is that the size of 
the largest grain must be less than twice the mean grain size. 
One cause of abnormal grain growth could, therefore, result from 
having too wide an initial particle size distribution in the 
starting powder. Here individual crystallites of greater size than 
allowed by the stability criterion would seed abnormal grain 
growth. Furthermore, the conditions for preserving solute-boundary 
attachment are favored by maintaining a narrow grain size dis- 
+  -K +•    (36) tnbution.  ' 
For the case of normal grain growth only the low velocity 
limit solution to the solute drag effect was considered, i.e. where 
a linear relationship holds between the driving force and the 
resulting boundary velocity. Whether this special case is observed 
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depends on the diffusivity of the segregated species. The complete 
expression for the relationship between driving force and boundary 
velocity is*. ' 
a C v 
F = MT v + ^—o (30) 1
   1 + 3 / 
where 3 is a second impurity drag parameter. The resulting so- 
lution is shown schematically in Figure 4. The dotted lines are of 
no physical meaning and indicate the conditions under which solute 
breakaway occurs and the boundary assumes its high intrinsic 
mobility. Figure 5 shows the schematic relationship between 
boundary velocity and temperature for low and high solute concen- 
trations. Under certain conditions it may be possible to have 
three different velocities for one driving force. Such fluc- 
tuations are conducive to the initiation of abnormal grins since a 
boundary free of solute would rapidly increase the size of the 
grain, possibly past any stability criterion. Also, any systematic 
study of the effect of temperature and solute concentration will be 
complicated by these transitions among the various controlling 
regimes. 
There is some evidence both experimental and theoretical to 
suggest that grain boundary mobility is a function of grain orien- 
tation. The resulting anisotropy of grain boundary mobility 
provides an added incentive for non-uniform and hence abnormal 
grain growth. Recent computer simulations of grain growth (Figure 
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Figure 4. Schematic representation of the relationship 
between grain boundary velocity, v, and driving 
force, F. (After Lucke and Stiiwei3')). 
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Figure 5. Schematic illustration of the relationship betv/een 
grain boundary velocity, v, and temperature. Note 
the possibility of three different velocities at 
TE. (After LUcke and StUweOl)). 
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6) in which an orientation dependence was introduced into the grain 
(37) boundary mobility demonstrate this idea.v ' 
(29) A study of grain growth in Alv ' bicrystals has demonstrated 
the anisotropy of grain boundary energies, Yp, and is shown in 
Figure 7. Differences in energy result in different boundary 
curvatures which affect the driving force for migration of 
individual boundaries. Enhanced curvature resulting from a high 
energy disordered boundary may cause preferential growth and 
initiate abnormal grain growth. Further the effect of solutes on 
these energy profiles remains to be demonstrated although theory 
predicts segregation will reduce the energies of disordered 
(38) boundaries more than ordered boundaries and smooth the profile/ ;
as demonstrated in Figure 8. 
There is recent experimental evidence in metal systems of 
(39) 
specific segregation to high angle boundaries/ ' which can be 
explained in terms of boundary structure. However, the implica- 
tions of this are severe in light of the effect of solutes on 
boundary motion insofar as extremes in velocity will result. This 
latter idea has been demonstrated in metal systems by Aust and 
Rutter^ ' and is shown in Figure 9. 
The effect of the atomic structure of the boundary on mobility 
is less clear at present. Figure 10, taken from the work of Rutter 
(41) 
and Aust/ '  shows the variation of activation energy for motion 
with boundary misorientation. Minima occur in the activation 
energy (maxima in migration rate) at special structural boundaries 
of high order. 
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Figure 6.    Computer simulation showing abnormal 
grain growth due to enhanced mobility 
in grain boundaries with special 
orientations.    (After Yan(37)), 
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(o) Misorienlalion, fl de^;. (b) 
Figure 7. Measured grain boundary energy for symmetric 
tilt boundaries in aluminum around a [110] 
rotation axis. (After Hasson and Goux(29)). 
29 
>- 
ID 
LU 
>- 
<: 
a 
o 
CD 
BOUNDARY MIS0RIENTATI0N.8 
Figure 8. A schematic summary of the possible effects of 
alloying and segregation on grain.boundary 
energy. (After Sautter et al,(38'). 
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Figure 9. Boundary migration rates @ 300°C of 'special ' 
and 'random' boundaries in zone refined 
lead-tin bicrystals as a function of tignx 
concentration. (After Aust and Rutted '). 
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Figure 10.    Activation energy for grain boundary migration 
versus orientation difference for [100] tilt 
boundaries in zone refined lead.    (After Rutter 
and Aust^41)). 
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However, velocity expressions based on a consideration of the 
kinetic processes involved in atom migration across the boundary, 
predict the reverse behavior. Once such expression derived by 
(42} Gleiterv '  gives: 
- 1 kT a3 fiF Qvn  AGm ,,,» v
 
=
 
f
 Firinrrexp-FT (31> 
where b is the Burgers vector, g is a constant and f is a function 
related to the step density in the boundary (0£f£l). For exam- 
ple, a coherent twin boundary with zero step density should be 
immobile. 
In summary, there are many causes of anisotropy in boundary 
mobility which may lead to abnormal grains. Further data on the 
effects of solutes is particularly needed to understand the func- 
tion of sintering aids. 
iii. Past Work on Alumina: 
(43) 
a. Desintering: Warman and Budworth,  ' in a study to 
optimize the firing schedules of alumina, reported the phenomena of 
density loss on prolonged annealing at the firing temperature 
(1900°C). Furthermore, they also observed that sintered samples 
initially of low green density showed less tendency to desinter 
than ones of higher green density. This latter observation is 
(19) analagous to that made by Francois and Kingeryv ' in their study 
of the sintering of UCL. In an attempt to suppress this phenomena 
they found that a decreased heating rate to 900°C in their firing 
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schedule reduced the observed density loss. Further reductions in 
desintering were obtained by firing in vacuum conditions until the 
_5 
desintering was suppressed by firing in a vacuum of 7 x 10  torr. 
In all cases samples doped with MgO (0.25 wt.%) showed greater 
density loss than undoped Linde A alumina. Table 2 gives their 
data demonstrating these last points. 
Their interpretation of these findings was that an impermeable 
outer skin forms on the compact surface before all interior nitro- 
gen gas can escape; then transfer of N2 from small pores to large 
pores (coalescence) gives a desintering effect. 
The first attempts to explain desintering in hot pressed 
(12} 
alumina were made by Rice/ ; He found fully dense AUOg with 
addition of LiF bloated on annealing in air at 1850°C primarily 
through the formation of grain boundary cavities. Weight changes 
during annealing prompted the author to check for variations in 
trace impurity content and look for outgassing from the samples. 
Figure 11 shows the results from Knudson-cell mass spectrometer 
study. The explanation advanced was desintering resulted from 
trapped gases and adsorbed impurities (present in the starting 
powder) volatilizing on re-annealing so exerting an internal 
pressure and causing cavity formation. The primary trace impurity 
found in his powders was sulphur ( = 200 ppm). 
Further reports on the desintering of hot pressed AlpOg (with 
MgO solute) were made by Peelan.v ' He found the hot pressing 
atmosphere a variable in the extent of density loss. 
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TABLE 2 
Densities (Mg m ) of Specimens 
Sintered at 1900°C Under Different Pressures^3' 
time 
(mins.) 
4 x 10'3 
torr 
1  x  10"3 
torr 
1   x 10"4 
torr 
7 x  10"5 
torr 
0.25 
wt.% MgO 
20 
120 
3.915 
3.886 
3.958 
3.818 
3.953 
3.901 
3.986 
3.983 
Difference 0.03 -0.14 -0.50 0.00 
No 
Additives 
20 
120 
3.902 
3.902 
3.925 
3.906 
3.911 
3.915 
3.910 
3.902 
Difference 0.00 -0.02 0.00 0.01 
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Figure 11. Mass spectrometer data for hot pressed Linde 
A A1203 net outgassing from a Knudson cell. 
(After R1ceU2)). 
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Vacuum hot pressed' 
P = 3.982 
Oxygen hot pressed 
P = 3.982 
P = 3.9811 
120 hrs, 
1050°C, 02 
2 hrs, 
P = 3.980 
1400°C, 02 
P = 3.970 
P = 3.970 
In this case very high purity ATp03 powder was used and the hot 
pressing was carried out in Al^Oo dies. The decrease in density of 
the body hot pressed in 0„ (i P = -0.53%) was about twice the 
decrease in density of the body hot pressed in vacuum (A p = 
-0.27). Also, an outgassing step provided in the hot pressing 
procedure resulted in a slight reduction in density loss. 
Peelan postulated outgassing of adsorbed water molecules 
trapped inside microporosity. If 1% of the surface of the powder 
was still covered with hLO molecules at 1400°C (the hot pressing 
temperature) and this gas was trapped inside the pores, then a gas 
pressure of 40.5 MPa was calculated. 
(14) Wang and Krogerv ' found hot pressed Al^Oo with Fe additions 
desintered on annealing in an oxidizing atmosphere, but not in a 
reducing atmosphere (PQ =10"  atm) at 1600°C. The iron was 
present in excess of the solubility limit and a reaction for the 
oxidation of second phase spinel was considered: 
02+2FeAl204- (Fe203)x (Al^)^ + (Al^^MFe^)^ 
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The resulting volume change under these conditions was calculated 
to be -3.9% of the second phase volume. The void space created and 
the high number density of precipitates was considered sufficient 
to account for the measured 2.5% decrease in bulk density, 
b. Grain Growth 
There remains considerable uncertainty as to the effect 
of MgO as solute on boundary mobility, M, , in alumina. This 
uncertainty exists not through lack of study but more as a result 
of the interpretive difficulties caused by the interferring effects 
of pores and/or second phases. Figure 12 shows the results of 
(44) 
several studies.  ' As can be seen there is considerable scatter 
in the data reported. However, all values fall well below the 
calculated intrinsic boundary mobility which is indicative of the 
effects of pores, second phases and impurities present during these 
studies. 
(S) In Coble's^ '  initial work, he found undoped and MgO (0.25 
wt.%) doped alumina obeyed the grain growth law: 
G3 - GQ3 = K t 
during sintering. From observations of grain texture and abnormal 
grain growth he concluded that MgO enhanced the densification 
process rather than retarded grain growth. 
Jorgenson and Westbrook^ ' found the 
amounts of MgO and NiO to alumina inhibited abnormal grain growth 
addition of trace 
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Figure 12. A selection of reported grain boundary mobilities 
in A1203. 
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and allowed sintering to proceed to high densities. The inhibition 
of grain growth was attributed to solute segregation to the grain 
boundaries. 
Evidence for Mg segregation was provided indirectly by the 
observation of enhanced microhardness at, and in, the vicinity of 
grain boundaries and measured changes of the lattice parameter (in 
the C axis direction) with grain size. Their argument for this 
latter point was based upon the assumption that the Mg segregated 
to the boundaries at small grain sizes would gradually have to be 
incorporated into the bulk on increased grain size and decreased 
boundary area. However, apparent segregation did vary with thermal 
history and the most pronounced effect was produced on slow cooling 
from the sintering temperature. 
Evidence for Ni segregation was provided by doping with an 
isotope of Ni and performing an autoradiograph experiment. Here, 
Ni was directly shown to be concentrated at the grain boundaries of 
the sintered compact. No specific solute induced inhibition of 
grain growth mechanisms were proposed. 
(51) In a study by Prendergast et al.  ' prefiring of the Al^O, 
compact with MgO additives at 1150°C resulted in uniform grain 
structures. The effect of this step was postulated as to give a 
uniform distribution of Mg, enriched at the grain boundaries, which 
then impeded grain growth by solute drag or spinel precipitates. 
There is evidence in the literature concerning the volatile 
nature of MgO in alumina and reports of losses from surfaces. 
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(52) Figure 13, taken from Haroun and Budworth,  ' shows the difference 
in grain size distributions for a free surface, the bulk material 
and a covered surface of a MgO doped Al^O- sintered sample. The 
implication is that the mobility of boundaries in the bulk (contai- 
ning 0.25 wt% MgO) is less than surface boundaries which have lost 
MgO. 
(53) In a recent study, Burke et al.  ' reported the formation of 
exaggerated grains at the surface of a fully dense alumina contain- 
ing 1000 ppm MgO (in solution) annealed in dry H2 at 1880°C. They 
observed that the exaggerated grains grew laterally at a greater 
rate than into the bulk. They assumed loss of MgO from the surface 
which allowed boundaries to migrate quickly in this depleted 
surface layer. Boundaries growing into the bulk were assumed to 
encounter MgO solute which exerted a drag effect. Although a 
systematic kinetic study was not presented, an estimate of the 
reduction in boundary mobility for these conditions of two orders 
of magnitude was given. They presented further evidence to suggest 
that MgO had no effect on surface diffusion. 
(52) Haroun and Budwortlv ' observed the growth of elongated 
abnormal grains in undoped Linde A. Multistage grain growth was 
observed for samples doped with MgO above the solubility limit. It 
was found that grain growth behavior varied with particle size of 
the MgO additions. 
With the advent of methods to characterize surfaces a renewed 
effort was made using Auger Electron Spectroscopy (AES) and X-ray 
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Figure 13.    Grain size distributions of MgO 
doped aluminas fired for 6/J3r,S. @ 
(After Haroun and Budworth^52'). 
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Photoelectron Spectroscopy (XPS) to detect segregation at grain 
boundaries. The latter technique yielded an apparent Mg segre- 
(54) gation^ ' for samples doped with 0.1 wt% MgO. However, although 
XPS has good sensitivity for Mg it suffers from poor spatial 
resolution and when using a Scanning Auger Microprobe (SAM) of good 
spatial resolution, the Mg signal was determined to have come from 
(12) 
spinel precipitates on the boundary.  ' 
Objections have been raised as to specimen preparation for 
surface analysis especially where slow cooling rates from the 
(55) 
sintering temperature were used/ ' If the quench rate is insuf- 
ficient, segregation will be enhanced and not representative of the 
high temperature chemistry. 
Although controversy remains as to the ability of these 
techniques to answer the question of Mg segregation, most studies 
have reported the enrichment of Ca at the boundaries. Since bulk 
concentrations in the starting powder are typically a few ppm, 
enrichment at the boundary is approximately three orders of magni- 
tude. 
(12) Johnson and Coblev ' performed a surface analysis study of 
grain boundaries using SAM to detect Mg and determine the effect of 
Ca on grain growth in sintered alumina. In this study the Mg was 
maintained below the solubility limit and the sample quenched from 
the sintering temperature. No Mg was detected at the grain bound- 
aries. In a sample doped with CaO extensive abnormal grain growth 
had occurred despite heavy segregation throughout the grain 
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boundaries. On the grounds of these data the solute drag model 
through segregation.was rejected. A solute drag through repulsion 
from the boundaries as proposed by Yan et al. '  was also 
dismissed since AES studies detected Mg at alumina boundaries in 
(3) 
concentrations close to the bulk levels. ;
(3) Peelanx ' further studied the effect of MgO and CaO on micro- 
structure evolution in AlpO^. AES experiments revealed no Mg 
enrichment (or depletion) but Ca was heavily segregated, despite a 
bulk concentration of only 45 ppm CaO. Samples in which he delib- 
erately added CaO developed non-uniform structures. His interpre- 
tation of the function of MgO as a sintering aid was through the 
mechanism of enhanced densification, leading to small pores at a 
given grain size, hence enhanced mobility and the preservation of 
pore-boundary contact. He rejected the solute drag model because 
of negative results on segregation and the observation that in- 
creasing MgO contents up to the solubility limit resulted in a 
larger grain size material for a given firing schedule (see Figure 
14). This undoubtedly is the strongest evidence against the 
reduction of boundary mobility by MgO. 
One of the more comprehensive studies of microstructural 
evolution during sintering of pure and MgO doped alumina was 
carried out by Mocellin and Kingery.  ' The kinetics of grain 
growth during sintering was determined for a variety of composi- 
tions, temperature and furnace atmospheres. All data fit: 
G3 - GQ3 = kT 
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Figure 14. A graph of a final grain size versus MgO 
content for doped AI2O3 sintered for 1.5 
hrs. at 1630°C. (After Peelan^3)). 
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so demonstrating the difficulty in isolating controlling mechanisms 
by kinetic studies. Although the MgO additions were above the 
solubility limit their data for grain growth in dense alumina are 
interesting. Figure 15 shows the rate constant, K, plotted as a 
function of Mg concentration. (No value of M, can safely be 
assigned due to the difficulty in defining the average driving 
force.) The data as presented suggest that any MgO additions will 
reduce K, although in their work second phase pinning was 
controlling grain growth. A comparison of rate constants is given 
in Figure 16 for all their data. The retarding effects of pores 
can clearly be seen. All grain growth was normal in nature for 
doped samples fired in hL and was considered controlled by pore or 
precipitate drag. Undoped samples showed abnormal grain growth and 
poor fit to kinetic laws. 
(35) In a recent study Monahan and Halloran  ' studied the growth 
of sapphire filaments embedded in hot pressed alumina. The aim of 
this work was to seed abnormal grain growth and study the boundary 
motion of the filaments. For a pure system, the mobility at 1672°C 
-14 3 
was determined to = 5.4 x 1   m /Ns and in a doped sample M, = 5 x 
-15 3 10  m /Ns. However, doping was above the solubility limit and 
the presence of pores on the boundaries will have influenced these 
measurements. 
In summary there is no satisfactory direct evidence of the 
effect of MgO as solute on grain boundary mobility and its impor- 
tance during the sintering of alumina. 
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Figure 15. A plot of growth rate constant versus compo- 
sition for dense alumina. (After Mocellin 
and Kingery(46)). 
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EXPERIMENTAL PROCEDURES 
1. Powder Preparation 
Linde A alpha alumina powder (Union Carbide Ltd.) was used 
exclusively throughout this study. The crystallite size of this 
powder is quoted as 0.3 urn with 50% of the agglomerates below 15 
urn. Powder purity is 99.98% and a typical chemical analysis is 
given in Table 3. Carbon analysis using a Leco combustion appara- 
tus was performed by R. Bricknell (General Electric Company) on the 
as received powder revealing concentrations of 115 ppm by weight. 
For the preparation of magnesia doped alumina, Mg(N03)p. 61^0 
(Atomergic Chemetals Ltd.) was dissolved in triply distilled water 
(< 1 ppm metals impurity) to give a stock solution of 10  g of MgO 
per ml. Aliquots of this solution were added to 100 g batches of 
the alumina powder and the slurry stirred to ensure homogeneity. 
The water was removed in an oven at 100°C and the powder calcined 
in a high purity alumina crucible at 600°C for two hours to 
decompose the nitrate to the oxide. The powder was then crushed 
using a plastic tool to break down the agglomerates. A further 
analysis for carbon was performed after this step which revealed no 
contamination. 
2. Hot Pressing 
Hot pressing was performed using a vacuum hot press which is 
fully described elsewhere/ ' A schematic is shown in Figure 17. 
Specimens were hot pressed in high purity graphite dies (Ultracar- 
bon Union Carbide Ltd. <100 ppm impurities) using high density 
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TABLE 3 
Chemical Analysis of Linde A a Alumina 
(Union Carbide Ltd.) 
Impurities ppm 
Si 53 
Fe 23 
Ca 11 
Mg 9 
Na 29 
Cu 6 
K 9 
B. Carbon Concentrations (ppm) in Linde A 
(Courtesy, R. Bricknell GE Ltd.) 
Sample Carbon Concentration 
(ppm) 
As Received Powder 
After Doping Step 
After Hot Pressing 
115 
101 
120 
50 
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Figure 17.    A schematic diagram of the hot pressing 
apparatus used in this study. 
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graphite punches. The inner die walls and contact surfaces of the 
punches were coated with a thin layer of high purity Boron Nitride 
(Atomergic Chemetals Ltd.), slurried in distilled water, to prevent 
the alumina reacting with the graphite. Approximately, 6g of 
powder were used to press a 2.5 cm diameter disc. During each 
experiment the temperature was raised to 1000°C and held constant 
for 10 minutes while under a vacuum of 10  torr; this assisted in 
removing gaseous impurities from the powder surface. All fully 
dense samples were prepared by hot pressing at 1700°C under an 
applied pressure of 40 MPa for 30 minutes. The vacuum for these 
conditions was 0.1 torr. After removal from the dies, the surfaces 
of the discs v/ere ground using a slurry of -320 mesh SiC and water 
on a flat glass plate to remove any contaminated layers. For the 
conditions used, no color fluctuations were present in the disc 
(57) 
such as the "black core" as reported by Rice.v ' Chemical analy- 
sis of the discs showed carbon contents of ^120 ppm indicating no 
further contamination during the hot pressing operation. 
3. Annealing 
Each disc was sliced into segments for the desintering and 
grain growth anneals. It was felt that samples cut in this way 
would exhibit any chemical or density fluctuations (for example due 
to die friction) to the same extent. All anneals were performed at 
1600°C using a MoSip element resistance heated furnace (LeMont 
Scientific Ltd.). Separate high purity alumina work tubes and 
boats (Coors Ltd.) were used for each composition. Prior to use, 
52 
each tube and boat was annealed in air at 1600°C for 24 hours and 
then in flowing H2 for 4 hours to assist in removing volatile 
impurities from the hot zone. Each sample to be fired was sur- 
rounded by a protective powder of the same composition to prevent 
contamination from the furnace tube and minimize loss of MgO by 
volatilization.  ; Reducing atmosphere of Pn = 10"  atm at u2 
1600°C were established using an initial gas mixture at room 
temperature of 236 ppm COp in CO at a gage pressure of 14 psi. 
4. Density Measurements 
Densities were determined by the Archimedes method using 
toluene as the immersion medium. First the dry weight, WD, of the 
sample was measured. The sample was then placed in toluene in a 
vacuum dessicator and pumped down for 15 minutes. The dessicator 
was then quickly brought back to atmospheric pressure which aids 
the impregnation of any open porosity with toluene.  The sample 
was then weighed suspended in toluene to give Ws> Finally, the 
sample was taken out of the toluene, its surfaces dried with filter 
paper,and reweighed within 10 seconds to give the impregnated 
•3-, . 
we ight Wj. The density [Mg m" ] is given by: 
_ 
WD (Ptoluene) (32) 
P
 "  
WI " WS 
All weighings were made to 0.1 mg and the density determinations 
repeated three times. Density measurements were reproducible to +_ 
0.01 Mg m"3. 
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5. Microscopy 
Due to the fine nature of the microstructure ( < 10 ym typical- 
ly) characterization relied primarily on the examination of pol- 
ished sections and fracture surfaces using a scanning electron 
microscope (SEM, ETEC Autoscan). Supplementary observations were 
made using conventional optical (reflected light) microscopy and 
high magnification characterization of the as hot pressed discs was 
performed using a transmission electron microscope (TEM, Philips 
300). 
Polished sections were prepared by slicing the annealed 
segments in half and mounting in fast cure epoxy (Buehler Ltd.). 
Initial grinding was carried out starting with -320 mesh then 
moving onto -600 mesh SiC slurries with water, on a flat glass 
plate. This was followed by successive polishing on a silk cloth 
mounted on a glass plate using 15 urn down to 1/4 um diamond pastes 
(Buehler Ltd.). After polishing the samples were removed from the 
epoxy mounts by boiling in water and thermally etched at 1400°C for 
30 minutes to reveal the grain boundaries. The samples for SEM 
investigation were glued to aluminum holders using graphite cement 
and sputter coated with a thin (<10 nm) layer of gold/palladium to 
prevent charging. Due to the lack of topography on a polished 
section, as large a beam current as possible was used in the SEM 
investigation to improve the signal to noise ratio without 
sacrificing resolution with the resulting larger spot size. 
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Fracture surfaces were prepared by breaking samples with a 
hammer and then mounting on an aluminum holder and coating with 
gold/palladium. 
Thin foils for TEM were prepared by mechanically grinding a 
thin slice of material, mounted on a glass slide, using a slurry of 
600 mesh SiC and water on a glass plate, until sufficiently thin 
(^30 um) for ion beam milling. Samples were then removed from the 
glass slide and mounted on single hole 3 mm copper grids. A 
Commonwealth model ion beam thinner was used to obtain electron 
transparent areas. Operating conditions were a gun potential of 6 
kV, a beam current of 500 uA and a thinning angle of 10°. Samples 
were then coated with an evaporated layer of carbon to prevent 
charging in the microscope. 
6. Characterization 
The average grain size, ~G, was determined from the average 
area, 7T, of the grains in a two dimensional .section. "K was de- 
termined by measuring the individual areas of 500 grains on an 
enlarged SEM micrograph using a magnetic pen and grid attached to a 
microcomputer (APPLE II). A" is related to G by:^52' 
G = 2.239 (A)* 
G is the diameter of a sphere, of the same volume as the grain of 
average section area, if the grain shape is a truncated octahedron. 
The question of translating two dimension section measurements into 
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three dimensional "true" dimensions is complex and involved. 
(58 59) Several reviews are available/ ' '  For this v/ork, it is con- 
sidered that this method of obtaining grain sizes is preferable to 
methods which depend on the assumption that the grains are spheres. 
The dihedral angle measurements v/ere determined by the method 
of Kingery^ ' using tangents to the apex of the pore and a pro- 
tractor to measure the angle subtended. 
7. Surface Analysis 
Rectangular bars 25 x 25 x 5 mm were cut from hot pressed 
discs containing 300 ppm by weight MgO. Notches were cut approxi- 
mately 5 mm from one end of each bar to facilitate fracture in the 
instrument. The aim of the surface study was primarily to search 
for Mg segregation and observe the effects of cooling rate from the 
annealing temperature, and grain size, on segregation. Selected 
samples were annealed at 1600°C in air for 3 hours to promote grain 
growth and either air quenched or slow cooled at 200°C per hour 
prior to insertion into the AES. 
Analysis was carried out using a scanning Auger microprobe 
(SAM, Physical Electronics PHI model 545). The instrument consist- 
ed of an ultra high vacuum chamber (which achieved a vacuum of 5 x 
10   torr during this study), a hammer arrangement to break 
samples in the high vacuum, a cylindrical mirror analyzer to detect 
the Auger electrons and a Quadropole mass spectrometer to identify 
any gaseous species in the system). For an extensive review, see 
reference 67. Ten samples would be loaded into the spectrometer at 
any one time via a multi-specimen carousel. 
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After evacuation, specimens were fractured using an in-situ 
hammer device and any outgassing noted. The specimens were then 
individually manipulated to the focal point of the cylindrical 
mirror analyzer as quickly as possible (to minimize contamination), 
and the analysis started. The differentiated signal was obtained 
using an excitation voltage of 5 keV and a beam size of approxi- 
mately 5 um for both spot and scan mode analysis. 
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RESULTS AND DISCUSSION 
1. Grain Boundary Chemistry 
In all samples the mode of fracture was confirmed to be 
predominantly intergranular by SEM after removal from the SAM. 
During the fracture process of the air annealed samples, a substan- 
tial pressure burst in the chamber was observed, indicating some 
outgassing from the sample. SEM investigation showed these samples 
to have undergone some desintering hence the gas contained within 
the boundary cavities was assumed to be responsible for the loss of 
vacuum on fracture. The Quadropole mass spectrometer indicated 
that at the working pressure used (5 x 10"  torr) residual gas 
impurities in the chamber were HpO, CO and some COp. During 
fracture however, a massive increase in the CO signal was observed 
indicating this was the majority gas species released from the 
boundary cavities. Also the overall background signal increased 
which was presumed to be due to the desorption of gas from the 
metal surfaces which rub together in the hammer mechanism. The 
amount of CO released due to this was shown to be much less than in 
the fracture process by monitoring the chamber gas whilst trigger- 
ing the hammer mechanism with no sample in place. Unfortunately, 
no record of the gas spectra can be presented due to the rapid 
transient nature of the analysis. 
Figure 18 shows an Auger spectrum taken approximately five 
minutes after fracture from the surface of an unannealed specimen, 
quenched from the hot pressing temperature containing 300 ppm MgO. 
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Figure 18. Auger spectrum for an unannealed (uncavitated) 
hot pressed A1203 doped with MgO (300 ppm) 
after quenching from the hot pressing 
temperatures. 
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Impurities detected at the boundaries were carbon, calcium, sulphur 
and chlorine; there was no trace of Mg. The measured intensity of 
the carbon peak, M wt.%, was greater than that calculated due to 
contamination from the residual CO gas (see Appendix II). Hence it 
can be concluded that some of the carbon was present as a true 
grain boundary segregant. The amount of carbon solute relative to 
sulphur was estimated from the relative peak height intensities to 
be M0:1. 
A spectrum taken from a sample of the same composition 
annealed for 3 hours at 1600°C in air and quenched is shown in 
Figure 19. Again, the presence of S, Cl, Ca and carbon was detect- 
ed. Hov/ever, there appeared to have been some carbon enrichment 
for these conditions. The increased C signal is attributed to CO 
gas in the pores coating the fracture surface. This idea is 
supported by the observation that the signal in the unannealed 
(uncavitated) samples is symmetrical in nature, whereas the C 
signal in the annealed sample (cavitated) is asymmetrical. The 
shape of the peak reflects the bonding involved,   a symmetrical 
peak being characteristic of C in solid solution and an asymmet- 
rical peak indicating that carbon is molecularly bonded as in CO. 
Again there was no evidence of Mg present despite the larger grain 
size of this annealed sample. 
Finally, the spectrum in Figure 20 was taken from a sample 
containing 300 ppm MgO, annealed and slow cooled at 200°C per hour. 
The important feature to note here is that Mg, while not observed in 
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Figure 19. Auger spectrum of a hot pressed AT2O3 
sample, containing 300 ppm MgO, annealed for 
3 hrs. in air at 1630°C and quenched 
(cavitated sample). 
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Figure 20. Auger spectrum of a hot pressed AI2O3 sample 
doped with 300 ppm MgO, annealed for 3 hrs. 
at 1630°C and slow cooled at 200°C per hour 
from this temperature. 
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quenched specimens could be detected in this slowly cooled speci- 
men. Also, further enrichment of all the trace impurities detected 
in the other samples was observed. This last specimen was prepared 
(55) in the same manner as Franken and Gehringv '  in their study of 
segregation. It can therefore be concluded that their observations 
probably reflected segregation due to slow cooling alone and were 
not representative of the boundary composition at the sintering 
temperature. 
The important findings pertinent to this study are (1) AES has 
been unable to prove that Mg segregation occurs, (2) segregation 
could be induced by slow cooling from the firing temperature, (3) 
segregation of Ca has been reconfirmed together with observations 
of segregated C, S and Cl and (4) the major gas species in the 
grain boundary cavities of desintered samples was determined to be 
CO. 
2. Cavity Formation 
a. Results 
The dependence of the density on annealing time of 
undoped and 200 ppm MgO doped aluminas in air and reducing atmo- 
spheres at 1600°C is shown in Figure 21 and Table 4. Four features 
may be noted: (1) annealing in air causes a substantial decrease 
in density, (2) annealing in an environment of low oxygen content 
results in no measurable density loss, (3) MgO additions promote 
desintering, and (4) the kinetics of desintering follow: 
P - P0 =-Kc log t 
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TABLE 4 
The Dependence of Density on Firing Time at 1600°C 
en 
Anneal 
Time 
(mins.) 
Densities (+ 0 01) Mg m"3 
Annealed in Air Annealed Po? = 10"12 atm. 
Undoped 200 ppm MgO Undoped 200 ppm MgO 
0 3.984 3.987 3.985 3.988 
20 3.971 3.956 3.989 — 
40 3.946 3.926 3.984 -- 
80 3.922 3.896 3.986 3.980 
160 3.910 3.874 3.988 3.984 
320 3.890 3.850 3.982 3.982 
640 3.863 — — 3.984 
1020 3.860 — — 
TIME (hrs) 
Figure 21. Density data for undoped and MgO doped (200 
ppm) AI2O3 as a function of annealing time 
at 1600°C in air and a reducing atmosphere 
(PQ2 = 10-12 atm). 
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for annealing times of greater than 40 minutes. The intercept value 
-3 (3) gives p ^3.986 Mg m , the theoretical density of AlpCL/ ;
K  ,   = 0.0655 Mg nf3 s"1 and K   _, = 0.0878 c
undoped cdoped 
Mg m~ s" . 
A typical microstructure of the starting as hot pressed 
material is shown in Figure 22. Observations of this microstruc- 
ture using transmission electron microscopy showed that no second 
phases or cavities were present although the occasional triple 
point pore was seen. 
Microstructures of the air annealed desintered samples are 
shown in Figures 23 to 28. Figure 23 shows an abnormal grain 
containing many grain boundary cavities. Cavitation was so exten- 
sive in places that complete parting between adjacent grains was 
observed. The cavities appeared to have nucleated as isolated 
pores on the boundaries and then grew by coalescence to form 
continuous pore channel networks. Figure 24 shows a more normal 
region demonstrating the high number density of boundary cavities. 
Figure 25 shows the boundary between an abnormal grain and grains 
in a normal population. 
Polished sections of a cavitated sample are shown in Figures 
26 and 27. In this case the surface has not been thermally etched 
(which may alter pore morphologies^ ') but the boundary region is 
clearly delineated by the strings of cavities following it. Note 
there is no evidence of cavitation within the grains themselves. 
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Figure 22. Transmission electron micrograph of as 
hot pressed A1203 doped with 200 ppm MgO. 
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Figure 23.    Scanning electron micrograph  (fracture 
surface) of AI2O3 doped with 200 ppm MgO 
annealed for 2 hrs. at 1600°C in air showing 
cavities on a large abnormal  grain. 
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Figure 24. Scanning electron micrograph (fracture surface) 
of A1203 doped with 200 ppm MgO annealed for 
2 hrs. at 1600°C in air showing cavitation in 
region containing normal grains. 
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Figure 25. Scanning electron micrograph (fracture surface) 
of A1203 doped with 200 ppm MgO annealed for 
2 hrs. at 1600°C in air taken from a normal 
grain region bordering on an abnormal grain 
region. 
70 
-"■jcifiSi?''  * 
Figure 26. Scanning electron micrograph (polished section 
not thermally etched) of an MgO doped (200 ppm) 
sample of AI2O3 annealed for 160 minutes at 
1600°C. Note string of cavities nucleated along 
the boundaries and at a triple point. 
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Figure 27. Scanning electron micrograph (polished section, 
not thermally etched) of an MgO doped (200 ppm) 
sample of AI2O3 annealed for 160 minutes at 
1600°C showing detail of cavity morphology. 
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10'0->m 
Figure 28. Optical micrograph (polished section) of 
AI2O3 doped with 200 ppm MgO annealed for 
20 minutes at 1600°C in air. Note cavity 
formation for this short anneal is limited 
the sample edges. 
to 
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All cavities exhibit low dihedral angles, the average being 84° + 
7°, and many are crack-like in nature. 
Figure 28 is an optical micrograph taken from a polished 
section of a sample annealed in air for only 20 minutes. The 
important feature to note is that cavities were present only in the 
outer regions of the sample. With further heat treatments the 
extent of this porosity increased towards the center of the sample 
until finally consuming it. 
The microstructure of a doped sample annealed in an atmosphere 
-12 
of PQ = 10  atm for ten hours is shown in Figure 29; this shows 
no significant signs of cavity formation, 
b. Discussion 
Under the experimental conditions used in the present 
study no external stresses were involved so the driving force for 
cavitation was chemical in nature. Also since the material con- 
tained no second phases (as shown in Figure 22), then reactions 
involving the oxidation of spinel precipitates as proposed by Wang 
(14) 
and Krogerv ' can be dismissed. 
The observation that the desintering behavior obeyed the 
reaction: 
p - pQ =-Kc log t 
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Figure 29. Scanning electron micrograph (polished section, 
thermally etched at 1400°C for 30 minutes) 
of AI2O3 doped with 200 ppm MgO annealed for 
10 hrs. at 1600°C in a reducing atmosphere 
of P02 = 10-12 atm. Note no sign of signi- 
ficant cavity formation. 
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is indicative of the reaction being driven by an internal gas 
pressure. Also, the observed low dihedral angles of 84° are 
(19) 
consistent with this mechanism, following Kingery's^ ' treatment 
(eqn. 1). The mass spectrometer data obtained during the AES study 
has identified carbon monoxide as the gas present in the cavities. 
Three conceivable sources of the CO gas exist. It is possible 
that the gas was trapped in the pores during the hot pressing and 
remained in micropores which swelled on reannealing. However, very 
few pores were observed in the as hot pressed material and so could 
not account for the high number density of cavities found in the 
desintered samples. Chemical analysis of the hot pressed material 
(page 50) showed no evidence of further carbon contamination which 
would have been expected if this was the source of CO. Further- 
more, this mechanism would be expected to show no dependence on the 
annealing atmosphere. 
The second mechanism leading to the production of CO is that 
of the reduction of AlpO^ by any carbon impurity. The analysis for 
carbon showed a bulk concentration of M20 ppm in the hot pressed 
-matertaTr'the--source- of this being-the' starting LirrcterA"powder"."' 
The AES study indicated this carbon is strongly segregated to the 
grain boundaries to M wt%. The most plausible reaction is: 
!A,203(5) + 2c(sr2CO(9) + ifllu) 
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Figure 30 shows the Ellingham lines for the two half reactions 
(6?) involving carbon and oxygen and aluminum and oxygen.  ' The 
critical temperature for the above reaction to proceed from left to 
right is approximately 2010°C, well above the temperatures (1600°C) 
used in this study. 
The third and most plausible source of CO is through the 
oxidation of the segregated carbon impurity. In this mechanism, 
oxygen in the ambient atmosphere diffuses down the grain boundaries 
to react with the segregated carbon. To test the validity of this 
interpretation the thermodynamic favorability of the reaction must 
be considered, together with an estimate of whether the required 
quantity of gas can be produced from the trace amounts of carbon 
present. 
Carbon oxidizes to form carbon monoxide gas according to: 
C(s) + 4 °2<9) " co(g) 
The equilibrium constant Kp is defined by the law of mass-action 
"as": " ""  
h -      lco 1/2 " **<• =Rr (33> 
acpo2 
Here f is the fugacity, a is the activity, P is the partial pres- 
sure, T is the absolute temperature and AG° is the free energy of 
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Figure 30. Ellinham diagram showing equilibrium lines for 
the reaction between carbon and oxygen, and 
between aluminum and oxygen. 
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formation for the reaction. The temperature dependence of AG° is 
given by: 
AG° = -111.6 x 10"3 -87.5T kJ mo!"1 
Substituting into equation (33) and rearranging gives: 
fC0 = ac P0 *  3'8 x 1()4 exp " AG° 
This equation was then used to calculate values for the fugacity of 
CO gas as a function of temperature, carbon activity and oxygen 
partial pressure. 
The CO fugacities were converted to CO partial pressures 
using: 
fC0 = r PC0 
For small values of fCQ (£1 MPa) the gas behaves ideally and r = 
1. For larger values of ?CQ the following expression derived by 
(22) 
Rajv ' was used to calculate the activity coefficient T; 
^n r = 8.57 x 10"2 -ytjr- 
c 
where Tc is the critical temperature (134.18 K for CO) and P is 
the critical pressure (3.5 MPa for CO). 
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Figures 31 and 32 show the equilibrium partial pressures for 
CO gas as a function of temperature and oxygen pressure for carbon 
-3 
activities of a = 10" (mol faction) corresponding to 120 ppm by 
_2 
weight, and a = 8 x 10  for an estimated segregation concen- 
tration of ^1 wt% C. 
Assuming the activity of oxygen in the boundary, available for 
the reaction,is equal to the oxygen partial pressure in the ambi- 
ent, it can be seen for air anneals, Pn = 0.2, the calculations 
u2 
predict an effective CO pressure of ^1000 MPa at 1600°C (a = 
10 ). This pressure is approaching the intrinsic fracture 
strength of alumina and is more than sufficient to cause extensive 
cavity formation. When annealing in a reducing atmosphere of Pn = 
-12 ' 2 10  atm the resulting equilibrium partial pressure of CO, for a 
_? 
carbon activity a = 8 x 10  is seen to be less than 1 MPa. In J
    c 
this case no significant cavitation would be expected to occur, 
which is consistent with the experimental findings, these 
calculations therefore lend support to the proposed cavitation 
mechanism., 
  -I-t—i-s-o-f-i-n-t-eres-t to-note -that P™-fal-Is-with- increasing - - 
temperature, so that taking kinetics into account, maximum rates of 
cavitation are expected to occur over an intermediate range of 
temperatures. 
Although no S0p gas was observed in the cavities, the pos- 
sibility of the oxidation of segregated sulphur impurities detected 
by AES, was considered. PSQ was calculated in the same manner as 
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Figure 31. Temperature dependence of the CO partial pressure 
in AI2O3 containing carbon (activity. = 10-3, M20 
ppm by weight) for a range of oxygen partial pressures, 
81 
O 
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Figure 32. Temperature dependence of the CO partial pressure 
in AI2O3 containing carbon (activity = 8 x 10-2, 
^ 1 weight %)  for a range of oxygen partial pressures. 
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PCQ, for a sulphur activity of a = 10  (100 ppm by weight impuri- 
ty). This plot is given-in Figure 33. 
In answer to the second question, an estimate of the amount of 
carbon needed to generate a range of density loss, assuming com- 
plete conversion of C to CO, was made. The results are given in 
Figure 34. It can be seen that very small amounts of carbon can 
produce a sufficient amount of gas to give a substantial decrease 
in density. 
Finally, the observation that at short anneal times, 
cavitation occurred only in the outer region of the samples (Figure 
28), is consistent with this mechanism since a finite time is 
required for the oxygen to diffuse down the boundaries and react. 
This may also explain the observation that density loss at short 
firing times did not fit the kinetic relationship p - p =-K log t 
(Figure 21). Until the boundaries were saturated with oxygen, it 
is likely N the number density of pores would not have been 
constant, so altering the value of K in equation 3. 
The effect of MgO in accelerating cavitation, can be explained 
most simply by assuming that cavity growth occurs by the diffusive 
transport of matter away from the growing cavity. (The inward 
diffusion of oxygen along the grain boundaries is, by comparison, a 
(63) 
much faster process/ ') Cavity growth therefore involves either 
lattice, surface and/or boundary diffusion. However, since MgO 
additions are known to enhance lattice diffusion under similar 
microstructural conditions^ ' and are believed to have no effect on 
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Figure 33. Temperature dependence of SO2 partial 
pressure in AI2O3 containing sulphur (acti- 
vity of sulphur = 10-4, ^100 ppm by weight) 
shown for a range of partial pressures of 
oxygen. 
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Figure 34.    A plot of possible density loss versus carbon 
concentration at,1600°C. 
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boundary diffusion, then a likely mechanism is lattice diffusion 
with aluminum ions as the rate limiting species. 
3. Grain Growth 
a. Results 
The dependence of the average grain size on the annealing 
time (at 1600°C, Pn = 10~12 atm) for undoped and MgO doped (200 
2 
ppm) Al203 is shown in Figure 35 and Table 5. From this it can be 
seen that MgO decreases the rate of grain boundary migration in 
AlpO   Comparison of the growth rates at equivalent grain size 
indicates a factor of 5 differences in growth rate between undoped 
and MgO doped samples. Annealing was not found to produce any 
measurable decrease in density due to cavity formation. 
Data for undoped and MgO doped samples were found to obey the 
kinetic law: 
G3 - GQ3 = K t 
as derived on page 21. A least squares fit is shown in Figure 36. 
Values of the growth rate constant, K, for undoped and MgO doped 
-19 3 -20 3 
A1203 were determined to be 1.74 x 10 l3 m and 3.9 x 10  m 
s~ .respectively. 
The microstructural development during annealing can be 
compared in Figures 37 through 39. Three features may be noted: 
first, the undoped samples show the development of yery  nonuniform 
grain structures in contrast to the uniform structure of the MgO 
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TABLE 5 
Grain Growth Data and Kinetics for Undoped and 200 ppm MgO Doped Al203 at 1600°C 
CO 
>-J 
Undoped Doped 
Annealing 
Time 
(mins.) 
Average Grain Size 
(ym) 
G3-Go3 Average Grain Size 
(urn) 
G3 - GQ3 
0 
20 
40 
80 
160 
320 
640 
3.71 
5.12 
6.63 
8.88 
12.01 
14.83 
Go=51.1 
83.2 
240.4 
549.2 
1681.3 
3211.5 
1.35 
3.93 
5.68 
8.48 
11.19 
GQ = 2.46 
58.2 
180.5 
607.7 
1399.8 
12      24      36 
TIME  (x103s) 
48 
Figure 35. Dependence of the average grain size on anneal 
time for uhdoped and 200 ppm MgO doped AI9O3 
at 1600°C. 
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TIME (xKPs) 
Figure 36. Grain growth kinetics of undoped and 200 ppm MgO 
doped A1203 at 1600°C. 
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TIME (xKPs) 
Figure 36. Grain growth kinetics of undoped and 200 ppm MgO 
doped A1203 at 1600°C. 
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Figure 37. a) Scanning electron micrograph (polished 
section, etched) of the as hot pressed undoped 
AI2O3. 
b) Scanning electron micrograph (polished 
section, etched) of the as hot pressed doped 
(200 ppm MgO) AI2O3. 
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Figure 38.    Scanning electron micrograph  (polished 
section, etched) of undoped AI2O3 annealed 
for 160 minutes at 1600°C. 
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Figure 39. a) Scanning electron micrograph (polished 
section, etched) of undoped AI2O3 annealed 
for 80 minutes at 1600°C. 
b) Scanning electron micrograph (polished 
section, etched) of 200 ppm MgO doped AI2O3 
annealed for 80 minutes at 1600°C. 
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doped material; secondly, the average grain size is much smaller in 
the MgO doped samples; and thirdly, all samples can be seen to be 
single phase and highly dense, although the occasional triple point 
pore was observed, 
b. Discussion 
The results show that in solid solution, MgO lowers the 
grain boundary migration rate in AlpOg by a factor of five overall 
and by considerably more (up to 25 times) on individual boundaries. 
Since the samples contained ^jery  few pores and no second phases, 
the most plausible mechanism to explain this behavior would be 
solid solution impurity drag. '    The kinetic study supports this 
mechanism since a grain size exponent of three is expected (as 
derived earlier) for impurity drag limited grain growth.  ' (It 
should be noted, however, that the grain size exponent alone cannot 
(2) be taken as proof for a particular mechanism. ')  Grain growth 
rate constants obtained from the present study can be compared with 
other published values (Figure 40). The value determined in this 
study for dense undoped AlpOg can be seen to be approximately a 
factor of five higher than those extrapolated from Mocellin and 
Kingery's^ ' study of dense MgO doped (above the solubility limit) 
samples; these values are in turn an order of magnitude greater 
than those reported for porous samples. 
For impurity drag to occur a certain degree of solute segre- 
gation (or depletion) to grain boundaries is expected. As with 
previous reports this work failed to detect any Mg segregation to 
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Figure 40. A comparison of growth rate constants in A1203- 
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boundaries using AES although calcium was detected as a heavily 
segregated background impurity species together with carbon, 
chlorine and sulphur. The inability to detect Mg combined with 
reports that Ca, a known segregant, promotes non-uniform grain 
growth in alumina has tended to discredit the notion that MgO 
additions can retard boundary migration in AlpO, by impurity drag. 
The following mechanism can account for most of these inconsis- 
tencies. 
It is proposed that grain growth in undoped alumina is dom- 
inated by background impurities, in particular by the presence of 
o     p+ 
Ca. Due to the large ionic radius (0.99 A) of Ca  ions (misfit 
+0.98 in AlpOg lattice site) it is proposed that it segregates 
preferentially to 'general' boundaries with open structures and 
less to 'special' boundaries with less open structures. As a 
consequence a substantial mobility difference is developed between 
'general' boundaries rich in Ca (hence slow moving) and 'special' 
boundaries low in Ca (hence fast moving); the result is a strong 
2+ 
The Mg  ion (ionic radius 0.65 A) has a much smaller misfit 
tendency for non-uniform grain growth 
(+0.30) than calcium in alumina; however, both ions have the same 
2+ 
valence and hence identical electrostatic effects. Therefore, Mg 
ions may be strongly repelled from boundaries rich in calcium due 
to electrostatic repulsion as suggested by Yan et al.  ' and shown 
schematically in Figure 41. It is proposed that MgO will segregate 
?+ 
to the 'special' boundaries (low in Ca ) and away from 'general' 
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Figure 41. Schematic illustration of the effect of preferential 
segregation of isovalent ions. 
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2+ boundaries rich in Ca . The effect of MgO additions is, accord- 
ingly, to minimize the mobility difference between the different 
boundary types, thereby promoting more uniform grain growth. This 
effect is illustrated schematically in Figure 42. 
This hypothesis is supported by the work of Aust and 
Rutter^ ' on metals which showed that additions of tin to lead 
slowed down 'general' boundaries significantly more than 'special' 
(39} boundaries. Recent work by Michael and Williams^ ' has shown 
direct evidence of specific segregation of bismuth in copper to 
'general' boundaries using Scanning Transmission Electron 
Microscopy (STEM). This selective segregation model may also 
explain why techniques such as AES and XPS which average the data 
taken from several boundaries at a time, have been unsuccessful in 
detecting magnesium segregation. 
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DOPANT CONCENTRATION 
Figure 42.    Schematic illustration of the proposed effects of 
calcium and magnesium doping on grain boundary 
mobility in A1203. 
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IMPLICATIONS TO SINTERING 
To assess the implications of the present findings to the 
sintering of MgO doped Al203, calculations have been made based on 
the available models. The approach follows that of Cannon and 
Yan/ '  and more recently Brook/ ' using a simultaneous model of 
densification and coarsening (grain growth), to predict how the 
density and grain size of a microstructure develop during 
sintering. The results are plotted in terms of density-grain size 
trajectories obtained for different processing conditions (e.g., 
initial density, grain size, dopant level, temperature, etc.) for a 
particular chosen mechanism. Several such plots for undoped and 
MgO (200 ppm) doped AKO, are shown in Figure 43. The plots were 
computed using our data for impurity drag limited grain growth 
obeying the equation: 
G3 - Gn3 = K t o 
and Brook's data^ ' assuming lattice diffusion controlled 
de nsi f i cat ion: 
287 D, y n 
P - P = r~i t (38) 0
    GJ kT 
and surface controlled pore drag limited grain growth obeying: 
a.         4  440 Ds 6s YB 9- G4 - G  _ S S ln   t (39) 0
 -  kT (l-p)4/3 
99 
21 
18 
E15 
£12 
00 
ID ^ 6 
0 
-J -j p_—j—^-.J—rw_T 
-solute control 
-pore control 
1600°C.1hr 
undoped    / 
/ 
/ 
7
    y   doped 
J I I ! ' I 
88 90 92 94 96 98 100 
DENSITY % 
Figure 43. Computer simulation of microstructure development 
in AI2O3 showing the effect of MgO doping. 
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Here p and G are the density and grain size, respectively. ys 1S 
_p 
the surface energy (= 0.9 J m ), Yn is the boundary energy 
_2 (= 0.45 Jm ), fi is the volume of material moved in association 
-29 3 
with one atom of the rate controlling species (= 2.11 x 10  m ) 
and k, T and t are the Boltzmann constant, the temperature and the 
time. 6 is the depth of the surface diffusion zone (3 x 10"  m). 
3+ The lattice diffusion coefficient (for Al ) was calculated from: 
DL = 13.6 exp (-577806/RT)  m2 s"1 ^40^ 
and the surface diffusion coefficient calculated from: 
D = 0.09 exp (-322000/RT). m2 s'1 (41) 
The doped data reflect a three-fold increase in lattice dif- 
(9) fusion^ ' and a five-fold decrease in boundary mobility. MgO has 
been assumed to have no effect on surface diffusion. 
Two important aspects concerning the effectiveness of MgO can 
be deduced from Figure 43. Firstly, MgO doping has the effect of 
moving the density at which impurity drag control becomes effective 
to lower values (from 99.9% in undoped AUOg). As a consequence, 
relatively less grain growth is required before entering a grain 
size regimes which is less conducive to abnormal grain growth. If 
the switchover occurs at densities much lower than 97%, excessive 
coarsening with little further densification is predicted. 
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The second aspect stems from the ability of MgO to promote a 
finer grain size at equivalent density. The favors pore-boundary 
attachment and thus the achievement of high density during late 
stage sintering. 
Pore-boundary attachment is favored if the mobility ratio 
Mp/M, is high, where Mp and M, are the pore and boundary 
(2) 
mobilities, respectively/ ' For pore movement limited by surface 
(2) diffusion it can be shown for spherical pore geometry thatv . 
r 
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Here D is the surface diffusion coefficient, K  is a constant 
and r is the pore radius. It can be.seen from Figure 38 that at a 
given density: 
,Doped ^ G/2Undoped 
where G is the grain size. Under conditions of constant density, 
it is reasonable to assume that the pore size (2r) is proportional 
to the grain size, if the pores remain at equivalent grain boundary 
locations, in which case: 
„Doped _ ,2L)ndoped 
and from equation 42: 
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M D°Ped = 16 M Und°Ped 
From this present study: 
f. Undoped 
MDoped _ _b  
(assuming MgO has not affected the driving force for grain growth). 
So, on combining the separate effects of MgO doping an Mp and M. 
gives: 
M Doped     M Undoped 
The effect of MgO doping, at constant density, is therefore to 
raise the mobility ratio by a factor of 80, an amount which is 
sufficient to explain the function of MgO as a solid solution 
sintering additive in AlpOo. 
As a final point, note the final grain of the MgO doped sample 
( ^ 15 ym) is predicted to be larger than that of the undoped 
sample (^ lZ~~microns) for the same firing time. This somewhat 
surprising result (since MgO actually decreases M, ) has in fact 
been experimentally observed by Peelan^ ' and Harmer,^ '  and was 
once considered as evidence for MgO having a positive effect on M. 
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CONCLUSIONS 
The important conclusions from this present work are: 
1. MgO is not segregated to grain boundaries in A1?0~ in 
amounts greater than the AES detection limit. Segregation of trace 
(11 ppm bulk concentration) Ca is reconfirmed. Segregation of MgO 
can be induced by slow cooling from the sintering temperatures. 
2. Fully dense aluminas containing trace impurities of carbon 
dedensify on annealing in air at 1600°C through the formation of 
grain boundary cavities; the degree of cavitation is more 
pronounced in samples containing MgO. The desintering behavior 
obeyed the relation p - p =-K log t. This phenomena is 
-12 
suppressed by annealing in a reducing atmosphere of Pn =10 u2 
atm. Cavity formation can be attributed to the inward diffusion, 
and subsequent reaction, of oxygen with carbon impurities (n,100 
ppm), segregated at grain boundaries, to form CO gas. 
3. When present in solid solution, 200 ppm MgO decreases the 
overall rate of boundary migration in fully dense Al-On by a factor 
of five at 1600°C and produces more uniform grain structures. 
4. For "the experimental conditions used, the kinetics of 
grain growth obey a cubic growth law. 
5. A grain growth mechanism involving preferential segre- 
gation of Ca and Mg ions to specific boundary types is proposed. 
6. Approximate calculations predict solute drag to control 
grain growth during the sintering of MgO doped AlpOg at densities 
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suppressed by annealing in a reducing atmosphere of Pn =10 
u2 
atm. Cavity formation can be attributed to the inward diffusion, 
and subsequent reaction, of oxygen with carbon impurities (%100 
ppm), segregated at grain boundaries, to form CO gas. 
3. When present in solid solution, 200 ppm MgO decreases the 
overall rate of boundary migration in fully dense Alp03 by a factor 
of five at 1600°C and produces more uniform grain structures. 
4. For the experimental conditions used,' the'kinetics of 
grain growth obey a cubic growth law. 
5. A grain growth mechanism involving preferential segre- 
gation of Ca and Mg ions to specific boundary types is proposed. 
6. Approximate calculations predict solute drag to control 
grain growth during the sintering of MgO doped A^O, at densities 
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greater than 97% theoretical at 1600°C. MgO acts to raise the pore 
mobility/boundary mobility ratio by a factor of 80, which is 
sufficient to explain the function of MgO as a solid solution 
sintering additive. 
105 
REFERENCES 
1. R. J. Brook, Proc. Brit. Ceram. Soc. 32, 7 (1982). 
2. R. J. Brook, in "Treatise on Materials Science and Technology, 
9," edited by F. F. Wang, Academic Press, New York, 331-364 (1976). 
3. J. G. J. Peelan, "Alumina: Sintering and Optical Properties," 
Ph.D. Thesis, Tech. University, Eindhoven, The Netherlands, May 
1977. 
4. C. Herring, J. Appl. " ,ys.,  21_, 437 (1950). 
5. R. L. Coble, J. Appl. Phys., 32, 793 (1961). 
6. F. A. Kroger and V. J. Vink, in "Solid State Physics 3," edited 
by F. Seitz and D. Turnbull, Academic Press, New York and London, 
307-435 (1966). 
7. S. Prochazka and R. M. Scanlan, J. Amer. Ceram. Soc, 58, 72 
(1975). 
8. J. W. Cahn, Acta Met., JO, 789 (1962). 
9. M. P. Harmer and R. J. Brook, J. Mater. Sci., J5., 3017 (1980). 
10. P. A. Lessing and R. S. Gordon, J. Mater. Sci., 12, 2291 
""(1977')".      ~" "" "   
11. R. M. Cannon, private communication. 
12. W. C. Johnson and R. L. Coble, J. Amer. Ceram. Soc, 6J_, 110 
(1978). 
13. R. W. Rice, Proc. Brit. Ceram. Soc, 12,, 99 (1969). 
14. H. A. Wang and F. A. Kroger, J. Mater. Sci., J5., 1978 (1980). 
15. A. G. Evans, J. Amer. Ceram. Soc, 65, 127 (1982). 
106 
16. S. P. Howlett, "Grain Growth and Grain Boundary Segregation in 
Doped Cobalt (II) Oxide," Ph.D. Thesis, University of Leeds, United 
Kingdom (1981). 
17. R. W. Rice, N.R.L. Report 7335 (1971). 
18. R. C. Rossi and R. M. Fulrath, J. Amer. Ceram. Soc, 48, 558 
(1965). 
19. W. D. Kingery and B. Francois, in "Sintering and Related 
Phenomenon," edited by G. C. Kuczynski, N. A. Hooten and C. F. 
Gibson, Gordon and Breach Science Publishers, New York, London, 
Paris, 471 (1965). 
20. R. H. Bricknell and D. A. Woodford, General Electric Corporate 
Research and Development, Schenectady, New York, Report #80CRD164 
(1980). 
21. D. A. Woodford and R. H. Bricknell, General Electric Corporate 
Research and Development, Schenectady, New York, Report #80CRD259 
(1980). 
22. R. Raj, submitted to Acta Met. (1981). 
23. F. A. Nichols, J. Nucl. Mat., 30, 143 (1969). 
24. A. A. Solomon and F. Hsu, Mat. Sci. Res., J_3> 485 (1980). 
25. M. Hillert, Acta Met., J3, 227 (1965). 
26. J. E. Burke, "Ceramic Microstructure," Wiley, New York, Chapter 
33, (1968). 
27. S. K. Kurtz and F. M. A. Carpay, J. Appl. Phys., 51.(11), 5725 
(1980). 
28. D. Turnbull, Trans. AIME, 191, 661 (1951). 
107 
29. G. Hasson and C. Goux, Scripta Met., 5_, 889 (1971). 
30. H. Hu and B. B. Roth, Met. Trans., 1, 318 (1970). 
31. K. Llicke, and H. P. Stliwe, in "Recovery and Recrystallization 
of Metals," edited by L. Himmel, Gordon and Breach, New York, 171 
(1963). 
32. M. Hillert and B. Sundman, Acta Met., 24, 731 (1976). 
33. W. D. Kingery, J. Amer. Ceram. Soc, 57_(1), 1-83 (1974). 
34. R. J. Brook, Scripta Met. 22, 375 (1968). 
35. R. D. Monahan and J. W. Halloran, J. Amer. Ceram. Soc, 62^, 564 
(1979). 
36. K. Uematsu, R. M. Cannon, R. D. Bagley, M. F. Yan, U. Chowdry 
and and H. K. Bowen, in "Proc. of Intl. Symp. of Factors in 
Densification and Sintering of Oxide and Non-Oxide Ceramics," ed. 
Shigayuki Somiya and Shinroka Salko, Tokyo, Japan, p. 190 (1978). 
37. M. F. Yan, Mat. Sci. and Eng., 48, 53 (1981). 
38. H. Sautter, H. Gleiter and G. Bora, Acta Met., 25, 467 (1977). 
39. J. R. Michael, "An Application of AEM to Grain Boundary 
Segregation in Cu Alloys," M. S. Thesis, Lehigh University, 
Bethlehem, PA 18015 (1981). 
40. K. T. Aust and J. W. Rutter, Trans. AIME, 251, 820 (1959). 
41. J. W. Rutter and K. T. Aust, Acta Met., j_3, 181 (1965). 
42. H. Gleiter, Acta Met., V7_, 853 (1969). 
43. M. 0. Warman and D. W. Budworth, Trans. Brit. Ceram. Soc, 66^ 
265 (1967). 
108 
44. M. F. Yan, R. M. Cannon and K. H. Bowen in "Ceramic 
Microstmctures '76," ed. R. M. Fulrath and J. A. Park, Westview 
Press, Boulder, CO, p. 276 (1977). 
45. W. H. Rhodes, F. P. Jahn and P. L. Burnett, "Microstructure 
Studies of Polycrystalline Oxides," Summary Report, Contract 
N00019-68-C-0108 (25 May 1968 - 24 June 1969). 
46. A. Mocellin and W. D. Kingery, J. Amer. Ceram. Soc, 50, 309 
(1973). 
47. A. M. Glaeser and J. C. Chen, Comm. Amer. Ceram. Soc, 65_, 98 
(1982). 
48. R. E.' Mistier, "Grain Boundary Diffusion Widths and Migration 
Kinetics in AlpOg, NaCl and Ag,", Sc.D. Thesis, Department of 
Materials Science and Engineering, M;I.T., (1967). 
49. D. S. Buist et al., Trans. Brit. Ceram. Soc, 64, 73 (1965). 
50. P. J. Jorgenson and J. H. Westbrook, J. Amer. Ceram. Soc, 47^, 
332 (1964). 
51. I. D. Prendergast, D. W. Budworth and N. H. Brett, Trans. Brit 
Ceram. Soc, 71_, (1), 31-36 (1972). 
52. N. A. Haroun and D. W. Budworth, Trans. Brit. Ceram. Soc, 69_, 
73 (1970). 
53. J. E. Burke, K. W. Lay and S. Prochazka, Mat. Sci. Res., J_3, 
417 (1980). 
54. R. I. Taylor, J. P. Coad and R.J. Brook, J. Amer. Ceram. Soc, 
57, 539 (1974). 
109 
55. P. E. L. Franken and A. P. Gehring, J. Mat. Sci., 16, 384 
(1981). 
56. P. A. Urich and M. R. Notis, J. Amer. Ceram. Soc, 5_i6, 570 
(1973). 
57. R. W. Rice, NRL Report 7111 (1970). 
58. E. E. Underwood "Quantitative Sterology", Addison-Wesley 
Publishing Co., (1970). 
59. N. A. Haroun, J. Mat. Sci., J6, 2257 (1981). 
60. W. D. Kingery, J. Amer. Ceram. Soc, _3_7, 42 (1954). 
61. G. Simmons, Lehigh University, private communication. 
62. D. R. Gaskill, "Introduction to Metallurgical Thermodynamics," 
Hemisphere Publishing Corporation, Washington, New York, London, 
Mc-Graw-Hill Book Company, Chapter 10 (1981). 
63. A. E. Paladino and R. L. Coble, J. Amer. Ceram. Soc, 46_, 133 
(1963). 
64. M. F. Yan, R. M. Cannon and H. K. Bowen, in Advances in 
Ceramics, Vol. 5, American Ceramic Society, in-press (1983). 
65. M. P. Harmer, E. W. Roberts and R. J. Brook, Trans. Brit. 
Ceram. Soc, 78, 22 (1979). 
66. A. G. Evans, University of California, Berkeley, private 
communication to M. P. Harmer. 
67. A. Joshi, L. E. Davis and P. W. Palmberg, in "Methods and 
Phenomena-Methods of Surface Analysis," Vol. 1, American Elsevier, 
New York, 159-222 (1975). 
110 
APPENDIX I 
Pore/Grain Boundary Interactions 
For pore controlled grain growth, the grain boundary velocity, 
(2) Vb, is given byv ': 
M 
V. = F.  (-^) (Al) b   b   N 
where F. is the driving force for boundary motion, N is the number 
of pores per boundary and Mp is the pore mobility. For a pore 
whose motion is controlled by surface diffusion, D , of material 
along the pore surface: 
Dc 6<; a
3 
Mp - -5-5-1- (A2) H
  TT kT r1 
where 6 is the depth of the surface diffusion zone and r is the 
pore radius. 
Assuming: a) the pore fraction remains constant and pores 
growth by coalescence so the pore radius r a G, and b) the pore 
density N can be expressed in terms of its grain size dependence. 
For pores located at grain corners of separation ^ G, then 
Na? 
Ill 
then dG      _ 
dt "  hb 
"p 
dG = 2j Ds  6s a3 G2 
dT
      AG IT kT G4 
dG      KP 
dt"G3 
On integration, G4 - GQ4 = Kp t (A3) 
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APPENDIX II 
Calculation of Surface Contamination During the AES Study 
The arrival rate of molecules per second per m is given 
by:<61' 
#/M2S =   P (A-4) 
/2 IT m kT 
where P = the pressure (Pa) 
m = the mass of a CO molecule (= 4.649 x 10"23 kg) 
k = Boltzmann constant (= 1.3805 x 10"23 J/degree) 
T = absolute temperature (K) 
For the conditions of this study: 
P = 6.6661 x 10"8 Pa 
T = 300 K 
■13 2 Arrival rate = 6.0608 x 10  molecules/s m 
18 ? 
Assuming 10  surface sites per m and a sticking coefficient of 1 
(i.e. every molecule that collides with the surface attaches 
itself) then the time to achieve one monolayer is: 
surface sites  „ co u c *:  = 4.58 hours 
arrival rate 
Assuming 1 monolayer of CO gives ^20% of C by concentration, then a 
signal corresponding to M wt.% (as estimated in this study) takes 
^14 mins. to build up from contamination. 
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